The disinfection efficiency of peracetic acid (PAA) was investigated on three microbial types using three different methods (filtration-based ATP (adenosine-triphosphate) bioluminescence, quantitative polymerase chain reaction (qPCR), culture-based method). Fecal indicator bacteria (Enterococcus faecium), virus indicator (male-specific (F þ ) coliphages (coliphages)), and protozoa disinfection surrogate (Bacillus subtilis spores (spores)) were tested. The mode of action for spore disinfection was visualized using scanning electron microscopy. The results indicated that PAA concentrations of 5 ppm (contact time: 5 min), 50 ppm (10 min), and 3,000 ppm (5 min) were needed to achieve 3-log reduction of E. faecium, coliphages, and spores, respectively. Scanning electron microscopy observation showed that PAA targets the external layers of spores. The lower reduction rates of tested microbes measured with qPCR suggest that qPCR may overestimate the surviving microbes. Collectively, PAA showed broad disinfection efficiency (susceptibility: E. faecium > coliphages > spores). For E. faecium and spores, ATP bioluminescence was substantially faster (∼5 min) than culture-based method (>24 h) and qPCR (2-3 h). This study suggests PAA as an effective alternative to inactivate broad types of microbial contaminants in water. Together with the use of rapid detection methods, this approach can be useful for urgent situations when timely response is needed for ensuring water quality.
) because PAA is easily decomposed into non-toxic compounds, such as acetic acid and oxygen (Kitis ; Crebelli et al. ) . Owing to these advantages, PAA has been used for wastewater disinfection in England, Finland, Italy, Brazil and Canada (Kitis ) . In the USA, the USEPA also included PAA as one of the recommended disinfectants for treating combined sewer overflows (USEPA ). However, there are limited studies that investigate its disinfection efficiency against various microbial types (bacteria, viruses, and protozoa) since they may have different susceptibility to PAA (Monarca et al. ; Bailey et al. ) . Furthermore, no information is available about the use of PAA for drinking water disinfection as an alternative for the emergency situations requiring timely results of PAA effectiveness.
The purpose of this study was two-fold. The first aim was to investigate the disinfection efficiency of PAA against three different microbial types: bacteria, virus, and protozoa.
The reaction of PAA on Enterococcus faecium was tested to determine its effectiveness as a fecal indicator of microbial water quality (USEPA ). Bacillus subtilis spores were used as a surrogate for protozoa (Driedger et 
PAA disinfection

E. faecium
To generate bacterial contamination in water, a 10 mL aliquot of cultured E. faecium suspension was spiked into 990 mL of 
B. subtilis spores
To generate water contamination events, a 10 mL aliquot of cultured B. subtilis spore suspension was spiked into 990 mL of distilled water and was then stirred gently with a magnetic bar. 1.43 g L À1 and 8.58 g L À1 of PAA (35%) were added into spore-contaminated water to make final concentrations of 0.5 g L À1 (500 ppm) and 3 g L À1 (3,000 ppm),
respectively. The initial level of B. subtilis spores was designated as 0 min sample. The PAA-treated water samples were collected at the contact times of 5, 15, 30, and 60 min.
Sodium thiosulfate (10%) was added to stop PAA activity.
The levels of initial bacteria and surviving bacteria after each contact time were enumerated with ATP bioluminescence, plate count method, and qPCR, respectively.
To generate water contamination events, a 10 mL aliquot of F þ coliphage suspension was spiked into 990 mL of 16-24 h, colonies were counted and calculated as CFU mL
The numbers of coliphages were determined using a DAL method (USEPA ) as described above. TSB without antibiotics was used as a diluent and a negative control. 
RESULTS
PAA treatment of contaminated water with E. faecium
The reduction trend of E. faecium by the action of PAA over the 1-h contact time is summarized in Figure 1 . Interestingly, the reduction rates differed depending on the detection methods. Based on the filtration-based ATP bioluminescence, . In this study, we evaluated PAA disinfection efficiency using three different microbial types (E. faecium, B. subtilis spores, and male-specific (F þ ) coliphage).
E. faecium has been used as one of the recommended indicators for bacterial water quality in fresh and marine water by the USEPA for almost three decades because of its association with gastrointestinal disease (USEPA ).
As shown in Figure 1 , its reduction rates against PAA over whether this method can sufficiently safeguard public health (Colwell ; Lleò et al. ; Keep et al. ) . In addition, conventional culture-based methods usually take 1-2 days or sometimes 7 days depending on species or media types (Camper ) . qPCR analysis showed that PAA could only achieve 1-log reduction (Figure 1) 3 ). Three-log reductions were achieved with the concentration (C ) × time (t) value of 15,000 mg × min L À1 for the spores whereas only 50 mg × min L À1 was needed for the 3-log reduction of E. faecium (Figures 1 and 3 showed different spore reduction rates when 500 ppm of PAA was used, whereas both methods showed similar spore reduction rates against 3,000 ppm of PAA (Figures 2 and 3 ).
Lower reduction rates of spores measured with the plate count method compared to the ATP assay (500 ppm PAA)
indicated that PAA could harm spores to some extent at the concentration of 500 ppm. However, it did not completely inactivate the spores. In contrast, similar reduction rates were observed with both methods when 3,000 ppm of PAA was used. These results indicated that this high amount of PAA had totally inactivated the spores. CDC recommends that concentrations ranging from 500 ppm to 10,000 ppm PAA are enough to decontaminate bacterial spores in health settings (Rutala et al. ) . Based on our analysis, we could suggest that 500 ppm PAA may not be sufficient and that a higher dose is needed to ensure a safe level of disinfection.
Male-specific (F þ ) coliphage is a surrogate for human viral contamination in ground water proposed by the USEPA (USEPA ). Because viral infection may be the causative agent of approximately 50% of all acute gastrointestinal illnesses, it is useful to assess the disinfection efficiency of PAA against F þ coliphage (USEPA ; Bitton ; Jiang et al.
).
Our study showed that coliphages were more resistant than enterococci (Figures 1 and 4) . Approximately 3-or 4-log reduction of coliphages was achieved with 50 ppm PAA, which was 10 times higher than the amount of PAA required to achieve the same degree of E. faecium reductions. This 
CONCLUSIONS
The results from this study show that PAA has a good potential to inactivate microbial contaminants in urgent situations within a reasonably short contact time. Its disinfection efficiency differed based on the type of targeted microbes.
Bacteria are the most susceptible to the action of PAA, followed by viruses and spores. The results also support that filtration-based ATP bioluminescence is capable of detecting bacterial cells rapidly (∼5 min) and is a more reliable method than the other two methods. SEM observation showed that PAA targeted the external layers of spores.
Our study also suggests that PAA may be applied as a disinfectant in ground water contaminated with sewage, and treatment of municipal wastewater prior to discharge into receiving water bodies. Further studies with different types of water (e.g., wastewater, surface water) and mixed microbial groups are warranted to expand the applicability of PAA.
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